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Abstract 7 
Pyrolysis is one of the effective technology for oily sludge treatment and energy recovery. However, 8 
pyrolysis of oily sludge generates solid particles which are taken away from the reactor by gas, 9 
causing blockage in downstream equipment and reducing the quality of pyrolysis oil and gas. A study 10 
on the clean catalytic pyrolysis of oily sludge was carried out, by incorporating a ceramic membrane 11 
with or without Ni inside the pyrolysis reactor. It aims to investigate the effect of ceramic membrane 12 
on oily sludge pyrolysis and particulate removal. The yield of the pyrolysis gas produced from the 13 
reaction with Ni-ceramic membrane is 31.46 L/kg, while the recovery rate of pyrolysis oil is 48.21%. 14 
On the contrary, the yield of the pyrolysis gas produced from the reaction with blank ceramic 15 
membrane is 17.92 L/kg, while the recovery rate of pyrolysis oil is 62.63%. The particulate matter 16 
content in gas without and with Ni-ceramic membrane are 2.74 and 0.07 mg/L. The particulate 17 
matter content in oil without and with Ni-ceramic membrane are 3708.9 and 156.7 mg/L, 18 
respectively. Results indicated that the Ni catalyst loading on the ceramic membrane could improve 19 
the yield of the pyrolysis gas and remove the fine particles effectively. In addition, a long-time 20 
catalytic pyrolysis experiment was carried out, with the feeding speed of 4.17 g/min and the reaction 21 
temperature of 500 
o
C. It was found from the set conditions that the Ni-ceramic membrane could be 22 
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used continuously for 420 min. 23 
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1. Introduction 26 
The operations of crude oil exploration, production, transportation, storage and refining can generate 27 
a great deal of oily sludge in petroleum industry [1]. Oily sludge is a complex semi-solid mixture 28 
which consists of water, various petroleum hydrocarbons, solid material and metals. Oily sludge is 29 
considered as hazardous waste in many countries due to its hazardous nature [2]. The serious threats 30 
to the environment and human health was posed with insufficient disposal or treatment of oily sludge 31 
[3]. Therefore, the effective recovery and utilization method of oily sludge has attracted a growing 32 
attention in recent years. 33 
Pyrolysis is a method of thermal decomposition of organic materials at high temperature in an inert 34 
environment [4]. The pyrolysis process of oily sludge produces solid product (chars), condensable 35 
hydrocarbons (oil) and non-condensable gases. The recovered oil could be used as fuels or sources of 36 
other valuable chemical products [5]. Furthermore, pyrolysis gas and char can be used to provide 37 
heat and generate electricity [6]. Several studies have been reported to use pyrolysis for fuel recovery 38 
from oily sludge. Qin et al [7] studied the pyrolysis of oily sludge in a fluidized bed reactor. The 39 
results demonstrated that the maximum oil yield (59.20%) was achieved at 500 °C and the 40 
simultaneous recovery of oil and iron from oily sludge by pyrolysis was feasible. Schmidt et al [8] 41 
pointed out that about 70-84% of oil could be recycled from oily sludge during pyrolysis at a 42 
temperature range of 460-650 
o
C in a fluidized bed reactor. The pyrolysis oil was close to the diesel 43 
oil, however, abundant heavy components (such as asphaltene and gelatin) severely affect the quality 44 
of oil products [9]. 45 
Pyrolysis of oily sludge generates solid fine particles which are removed from the reactor by carrier 46 
gas. These particles can cause fouling and blockage of downstream equipment. Furthermore, the 47 
quality of pyrolysis oil and gas are reduced and are not suitable to be used as alternative fuels due to 48 
the existence of large number of solid particles in oil and gas. Therefore, it is necessary to find an 49 
effective method to remove particles from oil and gas to obtain high quality products. However, 50 
obstacles exist to restrict development of particle removal technology. The removal of particles from 51 
oil and gas products respectively will increase the processing cost obviously. In addition, it is 52 
difficult to remove particles from the pyrolysis oil under room temperature. To solve these problems, 53 
a high temperature filtration unit can be used to reduce the particles from high temperature gas 54 
before it condenses into oil. In this way, the particles in pyrolysis oil and pyrolysis gas can be 55 
removed simultaneously.  56 
Furthermore, useful catalysts were added during the pyrolysis process to improve the quality of oil 57 
products. The catalytic cracking methods are feasible in lowering reaction temperature, shortening 58 
reaction time and changing product distribution [10]. Vast amount of studies on the addition of 59 
catalysts to the oily sludge during the pyrolysis process have been conducted. A variety of catalysts 60 
have been widely used for the oily sludge pyrolysis, such as aluminum compounds (Al, Al2O3 and 61 
AlCl3), iron compounds (Fe, Fe2O3, FeCl3 and FeSO4·7H2O), calcium compounds (CaO, Ca(OH)2, 62 
CaCl2 and CaCO3), Ni-based catalysts, Co-based catalysts, KOH, dolomite and olivine [11-15]. Lin 63 
et al [11] suggested that quality of pyrolysis oil was improved due to the addition of KOH according 64 
to smaller average molecular weight, lower viscosity, higher heating value, less asphaltenes and more 65 
straight chain hydrocarbons. 66 
Nowadays, the research focus in pyrolysis of oily sludge is to develop new catalyst with high 67 
performance. Ni-based catalysts have shown an excellent advantage in the pyrolysis and gasification 68 
reaction, with an activity comparable to noble metal catalysts [16-18]. The catalytic activity is related 69 
to the carriers' property, active phase precursor, synthesis and pretreatment method [19, 20]. The 70 
supporting material is considered as the key role in the performance of the Ni-based catalyst. 71 
Ceramic membrane is a porous material with high porosity. Ceramic membranes have some 72 
advantages such as high chemical, mechanical, thermal resistance and low price [21, 22]. Due to the 73 
good physical properties of ceramic membrane, it can be used as Ni-based catalyst carrier for oily 74 
sludge pyrolysis to improve the quality of products. So far, there are few studies on the ceramic 75 
membrane as active core to support nickel for oily sludge pyrolysis. 76 
Furthermore, our previous research results suggested that the ceramic membrane can remove 77 
particulate matter from the pyrolysis gas [23]. In order to improve the quality of pyrolysis products 78 
and remove particulate matter at the same time, tubular ceramic membrane was selected as the 79 
catalyst carrier. Therefore, the Ni-ceramic membrane catalyst was prepared in this study. Moreover, 80 
the clean catalytic pyrolysis of oil sludge was carried out by incorporating a tubular ceramic 81 
membrane inside the pyrolysis reactor for the pyrolysis of oily sludge, aiming to significantly 82 
enhance the removal of particles from the pyrolysis gas and the improvement of product quality.  83 
2. Experimental section 84 
2.1 Materials 85 
The oily sludge was selected as raw material from Shaanxi Yanchang Petroleum Group in China. 86 
Proximate analysis was performed with a muffle furnace (Yamato FO410C, Japan) according to the 87 
standard method (GB/T 212-2008). C, H, N and S analysis of oily sludge was obtained with an 88 
Elementar Vaeeio MACRO elemental analyzer. The estimation content of O is carried out by 89 
subtracting the sum of other compositions (ash, C, H, N and S) from 100%. Table 1 shows the 90 
proximate and ultimate analysis results, oil content and HHV of oily sludge. The result indicates the 91 
oily sludge of low moisture, moderate volatile matter, high ash and very low fixed carbon content. 92 
Soxhlet extraction was used to measure the oil content of oily sludge, which was 17.89%. The 93 
calorific value was measured with a bomb calorimeter (Sande SDC-5015, China) with 8.12 MJ /kg.  94 











（MJ/kg） M V A FC C H Oc N S 
10.64 21.03 65.27 3.06  70.13 11.85 8.72 3.43 5.87 17.89 8.12 
a
 On received basis. 
b
 On ash-free basis. 
c
 By difference. 96 
Thermogravimetric (TG) analysis was carried out using a thermogravimetric analyzer (Shimadzu 97 
TG-DSC STA449F3, Japan). Nitrogen was used as purge gas, and the flow rate was 75 ml/min. 98 
10-15 mg of oily sludge samples were heated from room temperature to 900
 o
C at heating rates of 5, 99 
10, 15 and 20 
o
C/min under nitrogen atmosphere to test the effect of heating rates on pyrolysis.  100 
2.2 Catalyst preparation 101 
Impregnation method was employed to prepare Ni-ceramic membrane (Ni-CM) catalyst. The 102 
specific amount of Ni(NO3)2·6H2O was dissolved in deionized water to obtain 1 mol/L Ni(NO3)2 103 
solution. The clean ceramic membrane was dipped into the Ni(NO3)2 solution for 12h, and then the 104 
derived catalyst precursor was dried in an oven for 12h at 105 ºC. The precursor was calcined under 105 
air atmosphere at 700 ºC for 2h in a reactor, followed by reduction at 500 ºC for 2h within mixture of 106 
nitrogen and hydrogen, for N2/H2 volume ratio of 4:1. 107 
The total amount of Ni loading on Ni-ceramic membrane (Ni-CM) catalyst was calculated by using 108 











                            (1) 110 
where, MCM is the total amount of Ni loading on catalyst; MCM-1 is the weight of Ni-ceramic 111 
membrane catalyst, g; MCM-0 is the weight of clean ceramic membrane, g. 112 
The total amount of Ni loading on each Ni-CM catalyst was controlled to be around 1.03%. 113 
2.3 Catalyst characterization  114 
Scanning electron microscopy and backscattered electron imaging (SEM/BSE, JEOL 7800F, Japan) 115 
were carry out to detect the microstructure of blank ceramic membrane, fresh Ni-CM and used 116 
Ni-CM catalyst, and distribution of different elements. Energy dispersive spectrometer (EDS) was 117 
used to measure content of the surface components. The association of catalysts was performed by 118 
using X-ray diffractometer (XRD, PANalytical XPertPRO, Netherlands). The range of 2 theta angle 119 
was changed from 10 to 95° with a scanning step of 4°/min. The X-ray fluorescence spectrometer 120 
(XRF, PANalytical Axios PW4400, Netherlands) was used to determine the elements of catalysts. 121 
2.4 Experimental  122 
 123 
Figure 1. Schematic of oily sludge spiral pyrolysis apparatus 124 
1. Nitrogen cylinder; 2. Control cabinet; 3. Feeding bin; 4. Tubular furnace A; 5. Residue collector; 125 
6. Pyrolysis reactor; 7. Tubular furnace B; 8. Ceramic membrane; 9. Catalytic filter reactor; 10. 126 
Cooling water; 11. Condenser; 12. Gas particle filter; 13. Wet gas meter; 14. Desiccator 127 
The clean pyrolysis of oily sludge was carried out in a self-fabricated spiral continuous reactor, 128 
which is shown in Figure 1. This device consists of a pyrolysis reactor with a spiral screw, a catalytic 129 
filter reactor with a blank CM or a Ni-CM, an electrical heating system, a residue collector, a 130 
condensing system and a gas product collection system. The temperatures of pyrolysis reactor, 131 
catalytic filter reactor and residue collector were controlled by temperature regulator and K-type 132 
thermocouples.  133 
The oily sludge was placed in the feeding bin before each experiment. Then, N2 with the flow rate of 134 
200 mL/min was injected into the reactor to ensure an oxygen-free system. When the reactor 135 
temperature reached the required value (500 ºC), the oily sludge was fed to the reactor at a desired 136 
feeding rate. The volatiles were fed into the catalytic filter reactor that fixes a Ni-CM catalyst. When 137 
volatiles went through the Ni-CM catalyst, particulate matter entrained into the volatiles can be 138 
trapped by the Ni-CM. The gas was reformed in the catalytic filter reactor and introduced to the 139 
condensing system. The liquid product was separated and collected in a liquid tank. Meanwhile, gas 140 
product passed through the gas particle filter, and the volume of gas was confirmed by a wet 141 
flowmeter and dried by passing through a silica-gel drier. The pyrolysis gas was collected by a gas 142 
collection bag. The numerical difference of wet flowmeter is the volume of pyrolysis gas generated 143 
during the pyrolysis process. The pyrolysis residue was collected by residue collector and weighed 144 
after the spiral pyrolysis apparatus cooled to room temperature. All experiments were repeated 3 145 
times to obtain the accurate experimental data.  146 
To evaluate the removal effect of ceramic membrane on particulate matter and catalytic effect of 147 
Ni-CM on oily sludge pyrolysis, three contrast experiments with no CM (E1), blank CM (E2) and 148 
Ni-CM catalyst (E3) in the catalytic filter reactor were performed at same operational conditions (i.e. 149 
temperature of 500 
o
C, feeding speed of 4.17 g/min and reaction time of 2h).  150 
2.5 Product analyses 151 
2.5.1 Pyrolysis oil and gas analyses 152 
The composition of the gas was analyzed off-line by a China Tianmei 7900 gas chromatograph (GC) 153 
with a flame ionization detector (FID) and a thermal conductivity detector (TCD). Nitrogen was used 154 
as a tracer of GC to quantify the volume percent of each gas product. The yields of oil and char were 155 
estimated based on the weight of each product. 156 
The high heating value (HHV) of oils was conducted by a bomb calorimeter (Sande SDC 501, 157 
China). Furthermore, the composition analysis of oil products was conducted with a gas 158 
chromatography-mass spectrometer (GC-MS, Agilent 7000B).  159 
The output per unit, yield of pyrolysis products and the recovery rate of pyrolysis oil were calculated 160 

















                               (4) 164 
where, Pi is the output per unit of pyrolysis products, g/kg; Mi is the volume of pyrolysis products, g; 165 
MOS is the mass of oily sludge, kg; Yi is the yield of pyrolysis products; i represents the char, gas and 166 
oil; Roil is the recovery rate of pyrolysis oil; Yoil is the yield of pyrolysis oil; Coil is the oil content of 167 
oily sludge. 168 
2.5.2 Particulate matter analyses 169 
After the end of the experiment, the gas filtration membrane was taken out of the gas particle filter. 170 
Furthermore, pyrolysis oil was passed through the oil filtration membrane. After that, the oil and gas 171 
filtration membrane were rinsed with CH2Cl2 continuously until the filtrate was clarified. The oil and 172 
gas filtration membrane were dried in the oven at 105 
o
C and weighed after cooling. The weight of 173 
particles in the pyrolysis gas or oil is weight difference before and after use of gas or oil filter 174 
membrane. 175 
The content of particulate matter in pyrolysis gas can be expressed as:  176 








                                (5)  177 
where, Cgas-PM is the content of particulate matter in pyrolysis gas, mg/L; Mgas-PM is the mass of 178 
particulate matter on the gas filtration membrane, mg; Vgas is the volume of the pyrolysis gas, L.  179 
The content of particulate matter in pyrolysis oil can be expressed as: 180 






                                (6) 181 
where, Coil-PM is the content of particulate matter in pyrolysis oil, mg/kg; Moil-PM is the mass of 182 
particulate matter on the oil filtration membrane, mg; Voil is the volume of the pyrolysis oil, L. 183 
The analysis of particle size and surface morphology of particulate matter was done by SEM. The 184 
XRF (Axios PW4400, Holland) was used to measure the elemental composition of particulate matter. 185 
3. Results and Discussion 186 
3.1 TG analysis of oily sludge pyrolysis 187 
TG and DTG curves are the change curve of oily sludge mass and oily sludge weight loss rate with 188 
temperature, respectively. Figure S1 shows the TG and DTG curves of oily sludge pyrolysis at 189 
different heating rates. TG and DTG curves show similar trends at different heating rates. The DTG 190 
curves are shifted towards the high temperature region with the increase of heating rate from 5 to 191 
20 °C/min. Furthermore, the peak value of DTG curve increases with the increase of the heating rate. 192 
The reason is that the high heating rate leads to the increase of the pyrolysis rate of oily sludge.  193 
The pyrolysis process can be divided into three regions according to the DTG curves. In the first 194 
region (from room temperature to 105 
o
C), 4.88-5.80 wt% of original weight is lost. It can be 195 
expected that the weight loss is due to the evaporation of water. The most abundant release of 196 
volatile matter (H2, CO, CO2, alkanes, alkenes and aromatic hydrocarbon) is observed in the 197 
temperature range 105-550
 o
C, which is related to volatilization and decomposition of complex 198 
organic components [24, 25]. The last weight loss (550-780
o
C) is attributed to the decomposition of 199 
organic residues and inorganic matter such as heavy metal salts [26]. 200 
The activation energy of oily sludge pyrolysis is presented in Table S1. Coats-Redfern integral 201 
method is used to calculate the activation energy (E) of oily sludge pyrolysis. The activation energy 202 
of different heating rate has little difference, and increases with the increase of temperature. It can be 203 
known from Table S1 that the activation energies of three temperature ranges of oily sludge pyrolysis 204 
are 5.42-7.45, 16.09-22.03 and 35.17-68.54 kJ/mol, respectively. 205 
3.2 Influence of the Ni-CM on gas production 206 
The yield of each component in pyrolysis gas, and gas yield in E1 (with no CM), E2 (with blank CM) 207 
and E3 (with Ni-CM) are shown in Figure 2. Compared with the blank experiment E1, the pyrolysis 208 
gas yield of E2 increased slightly, and the distribution of H2, CO, CO2 and C1~C3 is similar to gas 209 
component of E1. The residence time of pyrolysis gas prolonged after the ceramic membrane was 210 
placed in the catalytic filter reactor, thus improving the gas reforming effect. Moreover, the blank 211 
ceramic membrane had a little catalytic activity for pyrolysis gas reforming. The existence of few 212 
active components (i.e. Fe2O3, NiO) can strengthen the reforming of pyrolysis gas.  213 
The yield of pyrolysis gas is 31.46 L/kg in the E3. The total volume of gas product and H2 214 
concentration are significantly enhanced due to the effect of Ni-CM catalyst. The total volume of gas 215 
with Ni-CM catalyst increases to almost 2 times of the other tests (E1 and E2). Compared with pure 216 
CM (E2), the H2 yield increased from 10.16 to 24.40 L/kg with Ni-CM catalyst (E3). In addition, the 217 
C1-C3 yield decreased significantly due to the high catalytic activity of Ni-CM catalyst on the 218 
pyrolysis gas reforming. Ni catalyst can promote the fracture of C-C and C-H of macromolecular 219 
long-chain aliphatic hydrocarbon in pyrolysis gas, and produce small molecular hydrocarbons such 220 
as C1-C3 and H2 [27, 28]. 221 
The lower heating value (LHV) of the pyrolysis gas in E1, E2 and E3 was calculated in this study. 222 
The LHV of the pyrolysis gas in the E1, E2 and E3 is 23.53, 23.76 and 14.44 MJ/Nm
3
, respectively. 223 
This phenomenon in the LHV can be ascribed to the high content C1-C3 of pyrolysis gas in E1 and 224 
E2. 225 
 226 
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Figure 3 shows the appearance and SEM images of three gas filtration membranes of E1, E2 and E3, 228 
respectively. Three points a, b and c on the filter membranes were selected for SEM analysis. It can 229 
be found that more black particles deposited on E1 filtration filter membrane, which were produced 230 
without ceramic membrane. It can be seen from the SEM image that more amorphous particles 231 
deposited on the fibers of the E1 filter membrane. While there were no obvious solid particles 232 
depositing on E2 and E3 filter membrane. It might be attributed to the filtering effect of ceramic 233 
membranes in E2 and E3 test.  234 
 235 
Figure 3. The filtration membrane for particles in pyrolysis gas and the SEM image 236 
The particulate matter content of the pyrolysis gas is listed in Table 2. The particulate matter content 237 
in E1, E2 and E3 are 2.74 ± 0.29, 0.17 ± 0.05 and 0.07 ± 0.02 mg/L, respectively. It can be known 238 
that ceramic membrane has an effective filtering effect on particulate matter in gas. The main 239 
elements of particulate matter were Si, Ca, Al, Mg, Na etc (as shown in Table S2). 240 
Table 2 The particulate matter content of the pyrolysis gas 241 
 E1 E2 E3 
Cgas-PM (mg/L) 2.74 ± 0.29 0.17 ± 0.05 0.07 ± 0.02 
 242 
3.3 Influence of the Ni-CM on oil production 243 
The unit yield, recovery rate and HHV of the oil produced in the E1, E2 and E3 are summarized in 244 
the Table 3. The oil recovery rate of E1, E2 and E3 are 72.50 ± 1.86, 62.63 ± 0.85 and 48.21 ± 1.27%, 245 
respectively. It means that the Ni-CM catalyst can well promoted thermal cracking of sample in the 246 
E3 experiment. The secondary reaction of degassing is converted into hydrogen with a smaller 247 
molecular weight and non-condensable, and C1-C3. The HHV of E2 and E3 oil are 37.14 and 37.78 248 
MJ/kg, respectively. The HHV of E1 oil is lowest due to the existence of solid particles.  249 
Table 3 The yield, recovery rate and HHV of pyrolysis oil 250 
 Unit yield (g/kg) Recovery rate (%) HHV (MJ/kg) 
E1 129.72 ± 3.35 72.50 ± 1.86 35.15 
E2 112.04 ± 1.52 62.63 ± 0.85 37.14 
E3 86.24 ± 2.26 48.21 ± 1.27 37.78 
As for the chemical components, the oil was analyzed by the GC-MS. The main identified 251 
components of the extracted oil and the pyrolysis oils (E1, E2 and E3) are shown in Figure 4. The 252 
hydrocarbons in the oil could be divided into straight-chain alkanes, branched alkanes, cyclic 253 
hydrocarbons, straight-chain alkenes, aromatic hydrocarbons and others. The dominant ones of the 254 
extracted oil are straight-chain alkanes and branched alkanes while the rest are cyclic hydrocarbons, 255 
straight-chain alkenes and aromatic hydrocarbons in small proportion. It has been proven that the 256 
pyrolysis oils have higher composition of branched alkanes, cyclic hydrocarbons, straight-chain 257 
alkenes and aromatic hydrocarbons compounds compared to extracted oil. Straight-chain alkenes 258 
were converted into other products such as cyclic hydrocarbons, straight-chain alkanes and aromatic 259 
hydrocarbons by chain breaking, dehydrogenation and isomerization during the pyrolysis process [29, 260 
30]. The contents of branched alkanes, cyclic hydrocarbons, straight-chain alkenes, aromatic 261 
hydrocarbons of E1 oil is lower than that of E2 oil. It has been proven that the ceramic membrane 262 
plays an important role to promote oily sludge pyrolysis reaction. The content of branched alkanes, 263 
cyclic hydrocarbons, straight-chain alkenes and aromatic hydrocarbons in E3 is higher than that in 264 
E2, which indicates that the nickel catalyst can promote the conversion of alkanes [31].  265 
 266 
Figure 4. The analysis results of GC-MS of oil products 267 
The oil of E1 (without CM), E2 (with blank CM) and E3 (with Ni-CM), and their high-magnification 268 
micrographs are shown in Figure 5. The pyrolysis oil produced in E1 was black and turbid. It can be 269 
seen from its high-magnification micrographs that some solid particles are mixed in the oil. The oil 270 
of E2 and E3 are clear, transparent and brown, and there are no obvious particles in their 271 
micrographs. The oil mixtures were filtered using 0.5μm pore size filter film to filter the particulate 272 
matter. The appearance and SEM images of three filtration membranes of E1, E2 and E3 oil are also 273 
presented in Figure 5. More black solid particles deposited on E1 filtration filter membrane, which 274 
were produced without ceramic membrane. It can be seen that more amorphous solid particles 275 
deposited on the fibers of the E1 filter membrane. While there are no obvious black solid particles 276 
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depositing on E2 and E3 filter membrane. It can be seen that a small layer of black solid particles is 277 
trapped on the E1 filter, however, there are no obvious black solid particles on the E3 filter. Taking 278 
SEM analysis of a, b and c points on the filter membrane, it can be found that many irregular solid 279 
small particles are attached to the E1 filter fiber, the particles are adhered together, and there is 280 
agglomeration. Furthermore, the E2 and E3 filter fibers are adhesion of some solid particles less than 281 
5 μm on the other surface. It is further demonstrated that the ceramic membrane can effectively 282 
retain solid particles having a particle size greater than 5 μm in the pyrolysis oil [32]. 283 
 284 
Figure 5. The images of oil samples and the particulate matter in oils 285 
The particulate matter content of the pyrolysis oil is listed in Table 4. The particulate matter content 286 
in E1, E2 and E3 are 3708.9 ± 90.3, 234.6 ± 13.5 and 156.7 ± 8.2 mg/L, respectively. The results 287 
indicate that the ceramic membrane has a great removal effect on solid particles. The XRF was used 288 
to determine the element content of particulate matter (as shown in Table S3). The main elements of 289 
particulate matter were Si, Ca, Al, Mg, Na etc, and amounts of trace heavy metal elements: Cr (978 290 
mg/kg), Mn (929 mg/kg), Ni (495 mg/kg), Cu (143 mg/kg) and Zn (88 mg/kg). 291 
Table 4 The particulate matter content of pyrolysis oil 292 
 E1 E2 E3 
Coil-PM (mg/L) 3708.9 ± 90.3 234.6 ± 13.5 156.7 ± 8.2 
 293 
3.4 Life time analysis of catalyst 294 
The stability of Ni-CM catalyst was tested during the long-time pyrolysis of oily sludge in the same 295 
reactor. The lifetime experiment (E4) was carried out at same experimental conditions (i.e. pyrolysis 296 
temperature of 500 
o
C and feeding rate of 4.17 g/min). Each gas bag was responsible for an hour to 297 
collect the pyrolysis gas. In Figure 6, it can be observed that the H2 yield decreased from 80.16% to 298 
43.26% when the reaction time is below 420 min, while the content of C1~C3 increased from 6.42% 299 
at 60 min to 44.18% at 420 min. The content of H2 and C1~C3 tend to be stable and fluctuated around 300 
45.00% when the reaction time was higher than 420 min. The content of CO was decreased during 301 
the whole pyrolysis process, while the CO2 content fluctuated and remained at about 3.00% after 420 302 
min. The effective use time of Ni-CM catalyst was 420 min in the oily sludge catalytic pyrolysis 303 
experiment. With the increase of experimental time, coke deposits on the catalyst surface to decrease 304 
the catalytic activity. 305 
 306 
Figure 6. Influence of reaction time on the composition of the pyrolysis gas 307 
3.5 Characterizations of fresh and used catalysts 308 
The SEM images of CM, fresh Ni-CM and used E4-Ni-CM with different magnification times of 309 
1000 and 30000 are presented in Figure 7. It can be seen that the surface of blank CM is smooth, the 310 
surface of fresh Ni-CM was covered by a layer of Ni particles, while more amorphous carbon 311 
deposited on used E4-Ni-CM catalyst from the 1000-fold SEM images. It can be seen from the 312 
30000-fold SEM image of fresh Ni-CM catalyst that Ni particle (<100 nm) is uniformly distributed 313 
on the ceramic membrane's surface. In Figure 8, the surface of E4-Ni-CM is almost completely 314 
covered with carbon, and no Ni particles were observed on E4-Ni-CM catalyst. It is indicated that the 315 
Ni-CM catalyst could not play its catalytic role and promote the secondary reforming of pyrolysis 316 
gas. 317 





















Time ( min )
 H2  CO  CO2  C1 ~ C3
 318 
Figure 7. The SEM images of CM, Ni-CM, and E4-Ni-CM 319 
BSE is an electron imaging technique based on SEM, which can reflect the element distribution on 320 
the sample surface. EDS technique is employed to show the Ni, Si and Al element distribution on the 321 
surface and inside of fresh catalyst. The SEM-BSE images with EDS mapping of surface and inside 322 
of fresh Ni-CM and used E4-Ni-CM were presented in Figure S2 and Figure S3, respectively. It can 323 
be seen that a large number of Ni particles are clustered in white spots on the BSE image. Mass of Ni 324 
particles are also scattered inside the fresh Ni-CM. For used catalyst shown in Figure S3, less 325 
aluminum indicates that the carbon completely deposited on the surface of ceramic membrane. A 326 
large amount of carbon was accumulated in the space inside E4-Ni-CM, and Ni particles were 327 
detected at the space of carbon accumulation, as shown in Figure S3. 328 
XRF analysis results of blank CM, fresh Ni-CM catalyst and E4-Ni-CM catalyst are shown in Table 329 
S4. Based on the elemental composition, it is observed that both blank CM, fresh Ni-CM catalyst and 330 
E4-Ni-CM catalyst have a high content of Si (28%) and Al (>11%). Some metals such as Na, Ti, K, 331 
Mg, Ca, Fe, Zr, Sr, Cr, and Mn are also detected in the ceramic membrane. The contents of nickel are 332 
about 1.96% and 1.64% in the fresh Ni-CM and used E4-Ni-CM, respectively. This decrease of 333 
nickel content is mainly due to the coverage of carbon on used E4-Ni-CM catalyst. 334 
 335 
Figure 8. The XRD patterns of CM, Ni-CM, E4-Ni-CM. 336 
Figure 8 presents the XRD patterns of blank CM, fresh Ni-CM and used E4-Ni-CM catalysts. Al2O3 337 
is the main component of ceramic membrane and its characteristic peaks are: 2θ = 25.46°, 35.06°, 338 
37.73°, 43.24°, 52.47°, 57.42°, 60.61°, 66.44°, 76.77°, 86.26° and 88.83°. Furthermore, the 339 
diffraction peaks of SiO2 (2θ = 36.56°, 59.95°, 68.12°, 77.65°, 80.04° and 84.95°) are also found in 340 
the figure. It is verified that SiO2 is one of the main components of ceramic membrane. The 341 
characteristic peaks of Ni (2θ = 44.41°, 51.77°, 76.33°) are detected which illustrates the presence of 342 
Ni in fresh Ni-CM and used E4-Ni-CM. Moreover, it is noticeable that no peaks of NiO appear on 343 
the curves. It indicates that Ni on fresh Ni-CM and used Ni-CM exists in the form of active single 344 
substance. The deactivation of Ni-CM catalyst is due to the fact that the surface of the Ni-CM 345 
catalyst is almost completely covered by carbon during the oily sludge pyrolysis process [33].  346 























4. Conclusion 347 
Ni-ceramic membrane catalyst was prepared by impregnation method and characterized in this study. 348 
The clean catalytic pyrolysis of oily sludge was carried out on the spiral reactor to study the effect of 349 
ceramic membrane on oily sludge pyrolysis and particulate removal. It was found that the Ni loading 350 
on the ceramic membrane could improve the yield of the pyrolysis gas. The yield of the pyrolysis gas 351 
produced from the reaction with Ni-ceramic membrane was 31.46 L/kg, while the recovery rate of 352 
pyrolysis oil was 48.21%. On the contrary, the yield of the pyrolysis gas produced from the reaction 353 
with clean ceramic membrane was 17.92 L/kg, while the recovery rate of pyrolysis oil was 62.63%. 354 
The results indicate that the ceramic membrane has a great removal effect on solid particles from 355 
pyrolysis products. In addition, a long-time catalytic pyrolysis experiment was carried out. With the 356 
feeding speed of 4.17 g/min and reaction temperature of 500
o
C, the Ni-ceramic membrane could be 357 
used continuously for 420 min. As a result, Ni-ceramic membrane catalyst can be used for the 358 
pyrolysis of oily sludge. 359 
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